a2 United States Patent

Alam

US009490694B2

US 9,490,694 B2
Nov. 8, 2016

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(60)

(1)

(52)

(58)

HYBRID RESONANT BRIDGELESS AC-DC
POWER FACTOR CORRECTION

CONVERTER

Applicant: Delta-Q Technologies Corp., Burnaby
(CA)

Inventor: Md Muntasir Ul Alam, Burnaby (CA)

Assignee: DELTA-Q TECHNOLOGIES CORP.,
Burnaby (CA)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 92 days.

Appl. No.: 14/638,938
Filed: Mar. 4, 2015

Prior Publication Data

US 2015/0263605 Al Sep. 17, 2015

Related U.S. Application Data

Provisional application No. 61/953,500, filed on Mar.
14, 2014.

Int. CL.
HO2M 7217 (2006.01)
HO2M 1/42 (2007.01)
(Continued)
U.S. CL
CPC ....cccue. HO2M 1/4241 (2013.01); HO2M 1/44

(2013.01); HO2M 3/33546 (2013.01); HO2M
2001/0058 (2013.01); YO2B 70/126 (2013.01);
YO02B 70/1491 (2013.01)
Field of Classification Search
CPC .o HO2M 7/217; HO2M 7/2173
USPC i 323/266; 363/89, 127
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3,938,024 A
4,412,277 A

2/1976 Clarke
10/1983 Mitchell

(Continued)

FOREIGN PATENT DOCUMENTS

CA 2 806 870 Al
WO 2010/025596 Al

4/2014
3/2010

OTHER PUBLICATIONS

Chen et al., “Digital Control for Improved Efficiency and Reduced
Harmonic Distortion Over Wide Load Range in Boost PFC Recti-
fiers,” IEEE Transactions on Power Electronics 25(10):2683-2692,
Oct. 2010.

(Continued)

Primary Examiner — Jeffrey Sterrett
(74) Attorney, Agent, or Firm — Seed 1P Law Group LLP

(57) ABSTRACT
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input inductor coupled between a first AC voltage source
input node and a central node, a first switch coupled between
the central node and a first rail node, a second switch
coupled between the central node and a second rail node,
and a resonant output circuit. The first switch has a body
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circuit includes at least one capacitor and at least one
inductor which form a resonant network, hence are denomi-
nated as resonant capacitor(s) and resonant inductor(s).
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1
HYBRID RESONANT BRIDGELESS AC-DC
POWER FACTOR CORRECTION
CONVERTER

FIELD

The present disclosure generally relates to power sup-
plies. Particular embodiments provide bridgeless AC-DC
converters for end-use applications such as electric vehicle
battery charging.

BACKGROUND

Any device plugged into the electric AC grid and requir-
ing DC power needs a power supply comprising an AC-DC
converter with power factor correction (PFC). Examples
include, but are not limited to, a battery charger, a telecom-
munication device, a computing device and an Uninterrupt-
ible Power Supply (UPS).

As a specific example, consider an electric vehicle pro-
pelled by an electric motor that is supplied with power from
a rechargeable battery. The rechargeable battery can be
recharged using an AC-DC charger. A proper topology
selection for the AC-DC charger with PFC is essential to
meet the regulatory requirements of input current harmon-
ics, output voltage regulation and implementation of PFC.
Hence, the power supply industry has developed many
AC-DC converters with PFC.

FIG. 1 is a circuit diagram of a single-stage boost con-
verter 100 of conventional design, comprising a diode
bridge rectifier 110. The single-stage boost converter is the
most widely used AC-DC converter for PFC applications.
The single-stage boost converter is very simple and achieves
near unity power factor if proper control techniques are
used. However, the single-stage boost converter has some
drawbacks, including high conduction losses and therefore
heat management issues in diode bridge rectifier 110.

Unlike the single-stage boost converter of FIG. 1, there is
no diode bridge rectifier in a dual boost converter. The dual
boost converter reduces the total semiconductor count from
six to four, and reduces the losses and associated heat
management issues in the diode bridge rectifier. The input
voltage in the dual boost converter is floating with respect to
ground, and exhibits high common-mode (CM) noise.

FIG. 2A is a circuit diagram of a semi-bridgeless con-
verter 200a of conventional design. It reduces CM noise by
adding two slow diodes, D, and D,, to the dual-boost
converter. Semi-bridgeless converter 200a comprises two
PFC inductors L,,, and L, ,. Since the return path induc-
tance conducts only a small portion of the total return
current, the total converter inductance of the semi-bridgeless
converter of FIG. 2A is twice that of the single-stage boost
converter of FIG. 1.

FIG. 2B is a circuit diagram of an embodiment of a
totem-pole converter 2005. The totem-pole converter 2005
overcomes the CM noise issue without adding extra diodes
and it does not need the two PFC inductors as the semi-
bridgeless converter 200a does. However, the totem-pole
converter 2005 uses a MOSFET intrinsic body diode to carry
the load current, creating a reverse-recovery problem, which
makes it unfavorable for use in continuous conduction mode
(CCM), high power applications. To reduce the reverse-
recovery losses of the body diode, other topologies have
been proposed, but their practical implementation is com-
plex.

FIG. 2C is a circuit diagram of an embodiment of a
regulated DC to DC converter 200c¢ (see, for example, U.S.
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2

Pat. No. 4,559,590). DC to DC converter 200c¢ is an example
of an isolated DC to DC converter with zero voltage
switching capability. DC to DC converter 200¢ can be
suitable for high voltage, multiple outputs.

In addition to the drawbacks noted for the aforementioned
AC-DC topologies (FIGS. 1, 2A and 2B), the circuits
inherently have high in-rush current and a lack of lightning
and surge protection owing to the direct connection between
the AC input voltage and the bus capacitors, through the
PFC diode and PFC inductor. Hence, for practical applica-
tions the converters described above require in-rush current
and surge limiting to prevent damage when a connection is
made to AC power.

For high efficiency PFC converters of several hundred
Watts and greater (>400 W), in-rush current and surge
limiting is typically achieved by placing a current limiting
device (for example a resistor or positive-temperature-coef-
ficient device) in series with the PFC circuit and shorting the
current limiting device out with a relay after the difference
between the bus voltage and peak rectified AC input
becomes sufficiently small.

Surge limiting circuits, such as the one described above,
add cost, complexity, and often regulatory difficulties when
requiring voltage sensing and control of the relay crossing
isolation boundaries (for example if there is an isolated
DC-DC converter followed by the PFC converter). Surge
limiting circuits also need to be tolerant of AC power
brownouts and blackouts which again add cost and com-
plexity.

Consider a scenario where an AC surge limiting resistor
has been shorted out by the relay and the AC power drops
out for several cycles, preventing the PFC converter from
maintaining the PFC bus voltage. During this short time, the
DC bus-voltage (output voltage of the PFC converter) will
drop while it supplies downstream loads. When AC power is
restored, the AC input relay will still be shorting out the
surge limiting resistor and can allow a potentially damaging
surge current to flow through the PFC components and
eventually damage the power devices. For this reason, and
other related AC power quality issues, a robust surge lim-
iting implementation can be complex and expensive.

While there are examples of converters that limit the
in-rush current, those converters are restricted to low power
applications (<400 W). FIG. 3 shows an example of a
bridgeless converter 300 of conventional design. Bridgeless
converter 300 has been configured so that it does not suffer
from high in-rush start-up current. Moreover, the implemen-
tation of lightning and surge protection is easier compared to
the single-stage boost converter of FIG. 1.

Bridgeless converter 300 comprises two pulse width
modulation (PWM) switches S, and S, (i.e., switches driven
via PWM signals). The major drawback of bridgeless con-
verter 300, however, is the voltage spike across the PWM
switches S, and S, for high frequency and high power
applications. As a result, bridgeless converter 300 is
restricted to low power applications. Furthermore, bridge-
less converter 300 may have other limitations such as only
working with complex digital control implementation and
variable frequency operation.

Another drawback of bridgeless converter 300 is that the
positive AC line cycle and the negative AC line cycle
operations are not symmetric, which can increase the com-
plexity of the converter control system.

There is a need for an AC-DC PFC converter that is
suitable for use in power supplies for devices connected to
the AC grid and that can be configured to overcome the
previously stated disadvantages.
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SUMMARY

One aspect provides an apparatus comprising a first AC
voltage source input connectable to a first AC input line, a
second AC voltage source input connectable to a second AC
input line, an input inductor electrically coupled between the
first AC voltage source terminal and a central node, a first
switch electrically coupled between the central node and a
first rail node, the first switch having a body diode oriented
to pass current from the first rail node to the central node, a
second switch electrically coupled between the central node
and a second rail node, the second switch having a body
diode oriented to pass current from the central node to the
second rail node, a first input diode electrically coupled
between the first rail node and the second AC voltage source
input and oriented to pass current from the first rail node to
the second AC voltage source input and, a second input
diode electrically coupled between the second rail node and
the second AC voltage source input and oriented to pass
current from the second AC voltage source input to the
second rail node.

Further aspects and details of example embodiments are
set forth in the drawings and following detailed discussion.

An AC-DC converter may be summarized as including a
first AC voltage source input node connectable to a first AC
input line; a second AC voltage source input node connect-
able to a second AC input line; an input inductor electrically
coupled between the first AC voltage source input node and
a central node; a first switch electrically coupled between the
central node and a first rail node, the first switch having a
body diode oriented to pass current from the first rail node
to the central node; a second switch electrically coupled
between the central node and a second rail node, the second
switch having a body diode oriented to pass current from the
central node to the second rail node; a first input device
electrically coupled between the first rail node and the
second AC voltage source input node and oriented to pass
current from the first rail node to the second AC voltage
source input node, the first input device selected from the
group consisting of a diode and a switch; a second input
device electrically coupled between the second rail node and
the second AC voltage source input node and oriented to
pass current from the second AC voltage source input node
to the second rail node, the second input device selected
from the group consisting of a diode and a switch; an output
circuit electrically coupled between the second rail node and
the first rail node, the output circuit comprising a resonant
circuit electrically connectable in parallel with a load; and a
controller communicatively coupled to provide control sig-
nals to operate the first and the second switches at a first
switching frequency. The output circuit may include a
resonant capacitor, a resonant inductor, and a first output
device, the resonant capacitor, the resonate inductor and the
first output device electrically coupled in series with one
another between the first and the second rail nodes, the first
output device selected from the group consisting of a diode
and a switch. The controller may operate the first and the
second switches at the first switching frequency which is
lower than a resonant frequency set by the resonant inductor
and the resonant capacitor.

The output circuit may further include a second output
device electrically coupled to pass current from a node
between the resonant inductor and the resonant capacitor via
the bad to the first rail node, the second output device
selected from the group consisting of a diode and a switch.
The AC-DC converter may operates in continuous conduc-
tion mode wherein current flows continuously in the input
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inductor. The controller may provide control signals to
operate the switches in either pulse width modulation mode
or hybrid resonant mode. The first and the second switches
may be electrically coupled to receive a common control
signal from the controller.

The AC-DC converter may further include a common
output for connecting across a common bad, wherein the
first and the second AC voltage source input nodes are
electrically connected to the first AC line and the second AC
line of a first phase AC input of a three-phase AC supply
line.

The output circuit may further include an auxiliary circuit
electrically coupled between the first rail node and the
second rail node, and a second output device electrically
coupled to pass current from a node between the resonant
inductor and the first output device via the load to the first
rail node, the second output device selected from the group
consisting of a diode and a switch. The auxiliary circuit may
include an auxiliary capacitor and an auxiliary switch elec-
trically coupled in series with one another between the first
and the second rail nodes, the auxiliary switch comprising a
body diode oriented to pass current from the second rail
node to the first rail node.

The controller may be further communicatively coupled
to drive the auxiliary switch to switch in response to a
zero-crossing event of at least one of a current or a voltage.

The output circuit may further include an auxiliary circuit
electrically coupled to pass current from a node between the
resonant capacitor and the resonant inductor to the first rail
node, and a second output device electrically coupled to pass
current from a node between the resonant inductor and the
first output device via the load to the first rail node, the
second output device selected from the group consisting of
a diode and a switch. The auxiliary circuit may include an
auxiliary capacitor and an auxiliary switch electrically
coupled in series with one another between the first and the
second rail nodes, the auxiliary switch comprising a body
diode oriented to pass current from the node between the
resonant capacitor and the resonant inductor to the first rail
node.

The output circuit may include a first resonant capacitor;
and an isolation transformer having a primary winding and
a secondary winding, the first resonant capacitor and the
primary winding of the isolation transformer electrically
coupled in series between the second rail node and the first
rail node.

The output circuit may further include a second resonant
capacitor; a resonant inductor; and a first output device
selected from the group consisting of a diode and a switch,
the second resonant capacitor, the resonant inductor and the
first output device each electrically coupled in series with
one another across the secondary winding of the isolation
transformer.

The output circuit may further include a second output
device electrically coupled to pass current from a node
between the resonant inductance and the resonant capaci-
tance via the load to a node between the second output
device and the secondary winding of the isolation trans-
former, the second output device selected from the group
consisting of a diode and a switch.

The output circuit may further include a second resonant
capacitor; a third resonant capacitor; a resonant inductor; a
first output device selected from the group consisting of a
diode and a switch; and a second output device selected from
the group consisting of a diode and a switch, the first output
device and the second resonant capacitor electrically
coupled in series with one another across the secondary
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winding of the isolation transformer, the second output
device, the second resonant capacitor, and the resonant
inductor electrically coupled in series with one another
across the secondary winding of the isolation transformer,
electrically coupled in parallel with the first output device
and the second resonant capacitor.

The output circuit may further include a second resonant
capacitor; a resonant inductor; a first output device selected
from the group consisting of a diode and a switch; a second
output device selected from the group consisting of a diode
and a switch, a third output device selected from the group
consisting of a diode and a switch; and a fourth output
device selected from the group consisting of a diode and a
switch, the second resonant capacitor, the first output device
and the third output device electrically coupled in series with
one another across the secondary winding of the isolation
transformer, the resonant inductor, the second output device
and the fourth output device electrically coupled in series
with one another across the secondary winding of the
isolation transformer, electrically coupled in parallel with
the second resonant capacitor, the first output device and the
third output device.

The output circuit may further include a resonant inductor
electrically coupled in series with the first resonant capaci-
tor; and an auxiliary circuit electrically coupled between the
first rail node and the second rail node, the auxiliary circuit
comprising an auxiliary capacitor and an auxiliary switch,
the auxiliary switch comprising a body diode oriented to
pass current from the second rail node to the first rail node.

The output circuit may further include a resonant inductor
electrically coupled in series with the first resonant capaci-
tor; and an auxiliary circuit electrically coupled to pass
current from a node between the first resonant capacitor and
the resonant inductor to the first rail node, the auxiliary
circuit comprising an auxiliary capacitor and an auxiliary
switch, the auxiliary switch comprising a body diode ori-
ented to pass current from the second rail node to the first rail
node.

A two-stage AC-DC converter comprising a first AC-DC
stage and a second DC-DC stage, the first AC-DC stage may
be summarized as including a first AC voltage source input
node connectable to a first AC input line; a second AC
voltage source input node connectable to a second AC input
line; an input inductor electrically coupled between the first
AC voltage source input node and a central node; a first
switch electrically coupled between the central node and a
first rail node, the first switch having a body diode oriented
to pass current from the first rail node to the central node; a
second switch electrically coupled between the central node
and a second rail node, the second switch having a body
diode oriented to pass current from the central node to the
second rail node; a first input device electrically coupled
between the first rail node and the second AC voltage source
input node and oriented to pass current from the first rail
node to the second AC voltage source input node, the first
input device selected from the group consisting of a diode
and a switch; a second input device electrically coupled
between the second rail node and the second AC voltage
source input node and oriented to pass current from the
second AC voltage source input node to the second rail node,
the second input device selected from the group consisting
of a diode and a switch; a controller communicatively
coupled to provide control signals to operate the first and the
second switches at a first switching frequency; and an output
circuit electrically coupled between the second rail node and
the first rail node, the output circuit comprising a resonant
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circuit electrically connected to the second DC-DC stage,
the second DC-DC stage electrically connectable to a load.

The first AC-DC stage may have a first output DC voltage,
and the second DC-DC stage may have a second output DC
voltage, the first output DC voltage different from the second
output DC voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of a single-stage boost con-
verter of conventional design comprising a diode bridge
rectifier.

FIG. 2A is a circuit diagram of a semi-bridgeless con-
verter of conventional design.

FIG. 2B is a circuit diagram of an embodiment of a
totem-pole converter of conventional design.

FIG. 2C is a circuit diagram of an embodiment of a
regulated DC to DC converter.

FIG. 3 is an example of a bridgeless converter of con-
ventional design.

FIG. 4 is a circuit diagram of a first embodiment of a
hybrid resonant PWM (HRPWM) AC-DC converter,
according to the teachings of the present application.

FIG. 5A is a diagram illustrating waveforms in continuous
conduction mode (CCM) for the HRPWM AC-DC converter
of FIG. 4, according to the teachings of the present appli-
cation.

FIG. 5B shows reference directions on the circuit of FIG.
4 for the currents in FIG. 5A.

FIG. 6 illustrates the current path during positive half-line
cycle operation for a first time interval of the waveforms of
FIG. 5A.

FIG. 7 illustrates the current path during positive half-line
cycle operation for a second time interval of the waveforms
of FIG. 5A.

FIG. 8 illustrates the current path during positive hall-line
cycle operation for a third time interval of the waveforms of
FIG. 5A.

FIG. 9 is a circuit diagram of a first embodiment of a
hybrid resonant PWM (HRPWM) zero-voltage-switching
(ZVS) AC-DC converter, according to the teachings of the
present application.

FIG. 10A is a diagram illustrating waveforms in continu-
ous conduction mode (CCM) for the HRPWM ZVS AC-DC
converter of FIG. 9.

FIG. 10B shows reference directions on the circuit of FIG.
9 for the currents in FIG. 10A.

FIG. 11 illustrates the current path during positive half-
line cycle operation for a first time interval of the waveforms
of FIG. 10A.

FIG. 12 illustrates the current path during positive half-
line cycle operation for a second time interval of the
waveforms of FIG. 10A.

FIG. 13 illustrates the current path during positive half-
line cycle operation for a third time interval of the wave-
forms of FIG. 10A.

FIG. 14 illustrates the current path during positive half-
line cycle operation for a first part of a fourth time interval
of the waveforms of FIG. 10A.

FIG. 15 illustrates the current path during positive half-
line cycle operation for a second part of a fourth time
interval of the waveforms of FIG. 10A.

FIG. 16 illustrates the current path during positive half-
line cycle operation for a fifth time interval of the waveforms
of FIG. 10A.
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FIG. 17 illustrates the current path during positive half-
line cycle operation for a sixth time interval of the wave-
forms of FIG. 10A.

FIG. 18 illustrates the current path during positive half-
line cycle operation for a seventh time interval of the
waveforms of FIG. 10A.

FIG. 19 is a circuit diagram of a second embodiment of
a hybrid resonant PWM (HRPWM) zero-voltage-switching
(ZVS) AC-DC converter, according to the teachings of the
present application.

FIG. 20 is a circuit diagram of a first embodiment of an
isolated HRPWM AC-DC converter, according to the teach-
ings of the present application.

FIG. 21 is a circuit diagram of a second embodiment of
an isolated HRPWM AC-DC converter, according to the
teachings of the present application

FIG. 22 is a circuit diagram of a third embodiment of an
isolated HRPWM AC-DC converter, according to the teach-
ings of the present application.

FIG. 23 is a circuit diagram of a first embodiment of an
isolated HRPWM ZVS AC-DC converter, according to the
teachings of the present application.

FIG. 24 is a circuit diagram of a second embodiment of
an isolated HRPWM ZVS AC-DC converter, according to
the teachings of the present application.

FIG. 25 is a circuit diagram of a third embodiment of an
isolated HRPWM ZVS AC-DC converter, according to the
teachings of the present application.

FIG. 26 is a circuit diagram of a fourth embodiment of an
isolated HRPWM ZVS AC-DC converter, according to the
teachings of the present application.

FIG. 27 is a circuit diagram of a fifth embodiment of an
isolated HRPWM ZVS AC-DC converter, according to the
teachings of the present application.

FIG. 28 is a circuit diagram of a sixth embodiment of an
isolated HRPWM ZVS AC-DC converter, according to the
teachings of the present application.

FIG. 29 is a block diagram illustrating a three-phase
configuration, according to the teachings of the present
application.

FIG. 30 is a block diagram illustrating a two-stage con-
figuration, according to the teachings of the present appli-
cation.

DEFINITION OF TERMS

Pulse Width Modulation (PWM) Mode: A mode of opera-
tion of a power supply in which pulse width modulation is
used. Pulse width modulation conforms pulse duration based
on modulator signal information. PWM can be used to allow
the control of power supplied to an electrical load without
incurring the losses that would result from linear power
delivery by resistive means.

Hybrid Resonant PWM Mode: A mode of operation of a
power supply in which switches operate in both PWM mode
and resonant mode.

Continuous Conduction Mode (CCM): A mode of opera-
tion in which the current is flowing continuously in the
energy transfer inductor during the entire switching cycle in
steady state operation.

On-Time Interval: The time interval during which the
PWM switches are ON.

Resonant Frequency: Resonance of a circuit involving
capacitors and inductors occurs because the collapsing mag-
netic field of the inductor generates an electric current in its
windings that charges the capacitor, and then the discharging
capacitor provides an electric current that builds the mag-
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netic field in the inductor. This process is repeated continu-
ally. The resonant frequency f=2nv(L,-C,) where L, is the
resonant inductance and C, is the resonant capacitance.

Positive AC half-cycle: Refers to the half-cycle when the
line voltage is positive.

Negative AC half-cycle: Refers to the half-cycle when the
line voltage is negative.

Zero-Current-Switching (ZCS): Refers to a switching
transition at a time when there is essentially no current
flowing through the switch.

Zero-Voltage-Switching (ZVS): Refers to a switching
transition at a time when the voltage across the switch is
essentially zero.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT(S)

In the circuit diagrams of FIGS. 1-4, 5B, 6-9, 10B, and
11-28, like symbols (such as D, D,, C,, and L,) are used to
illustrate similar or equivalent components. The instance or
value of components with the same symbols in different
figures can be different, however, from one figure to another.

FIG. 4 is a circuit diagram of a first embodiment of a
hybrid resonant PWM (HRPWM) AC-DC converter 400.
HRPWM converter 400 is bridgeless and comprises
switches S, and S,, which may be referred to as “PWM
switches”, and associated diodes D, and D, and body
capacitors C,, and C,,, respectively. HRPWM converter 400
further comprises diodes D, through D, resonant capacitor
C, and resonant inductor L,. Resonant capacitor C,, resonant
inductor L, and diode D, are electrically connected in series
between nodes 402 and 401. Diode D, is connected to pass
current from a node between resonant capacitor C, and
resonant inductor L, via a load (represented in FIG. 4 by
capacitor C,, and resistor R,,) to node 401.

In the FIG. 4 example, an AC voltage source V,,, has one
terminal connected to a central node 403 between the
switches S; and S, through an input inductor L. The other
terminal of V,, is connected to a point between diodes D,
and D,, with diodes D5 and D, connected in series between
nodes 401 and 402 in the circuit of FIG. 4. Switch S,, the
associated diode D, and body capacitor C,; are all con-
nected in parallel between central node 403 and node 401,
and switch S,, the associated diode D, and body capacitor
C,, are all connected in parallel between central node 403
and node 402.

In implementation of HRPWM converter 400, switches
S, and S,, and associated diodes D, and D, and body
capacitors C,; and C,,, can be implemented using MOSFETs
and/or GaN devices.

Switches S; and s, can operate in either pulse width
modulation (PWM) mode or hybrid resonant mode. In
hybrid resonant mode, the resonant frequency has a signifi-
cant impact on operation of HRPWM converter 400. The
resonant frequency can be higher, lower or equal to the
switching frequency. The modes of operation are described
in the following paragraphs.

When the resonant period is greater than twice the on-tune
interval associated with switches S; and S,, the switching
frequency is higher than the resonant frequency, and
HRPWM converter 400 is said to operate in an “above
resonance” mode. In “above resonance” mode, diode D, of
FIG. 4 is forced to turn off even though it is carrying a large
resonant current. The impact of such an abrupt turn-off is
increased switching losses and increased electromagnetic
interference (EMI). There can also be a duty cycle loss.
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When the resonant period is substantially equal to twice
the on-time Interval associated with switches S, and S,, the
resonant frequency is substantially equal to the switching
frequency, and HRPWM converter 400 is said to operate in
a “resonant frequency” mode. In “resonant frequency”
mode, diode D, of FIG. 4 is turned off at substantially zero
resonant current, thereby reducing or eliminating switching
losses and reducing electromagnetic interference (EMI). To
maintain a constant on-time interval associated with
switches S; and S,, HRPWM converter 400 would need to
operate with a variable switching frequency. This would be
undesirable since it would increase the complexity of
HRPWM converter 400 and render its design more chal-
lenging.

When the resonant period is less than twice the on-time
interval associated with switches S, and S,, the switching
frequency is lower than the resonant frequency, and
HRPWM converter 400 is said to operate in a “below
resonance” mode. In “below resonance” mode, diode D, of
FIG. 4 is turned off at substantially zero resonant current
thereby reducing or eliminating turn-off losses. In “below
resonance” mode, HRPWM converter 400 does not require
a variable switching frequency. “Below resonance” opera-
tion can be implemented using a standard average current-
mode control IC.

HRPWM converter 400 comprises a gating signal V,, for
switches S, and S,. In some embodiments, gating signal V,
is the same for both switches S, and S,. In other embodi-
ments, separate gating signals (not shown in FIG. 4) can be
provided for switches S, and S,.

FIG. 5A is a diagram illustrating current and voltage
waveforms 500 in continuous conduction mode (CCM) for
HRPWM AC-DC converter 400 of FIG. 4 during positive
half-cycle operation (e.g. when the AC line voltage is
positive). FIGS. 6-8 show current flows during different time
intervals of the waveforms 500. During negative half-cycle
operation (e.g., when the AC line voltage is negative),
corresponding current and voltage waveforms would be
present, but with polarities reversed, and with the wave-
forms i, and V, for switch S, corresponding to the wave-
forms i, and V, for switch S, shown in FIG. 5A, and vice
versa. For example, during negative half-cycle operation
current flows through D, instead of D5 as shown in FIGS.
6-8. Current waveforms in FIG. 5A are shown with solid
lines and voltage waveforms are shown with dashed lines.

In the FIG. 5A example:

Vgsis the voltage applied to the gates of switches S, and

23

1,, is the current through L, ;

iy, is the current through S, and/or D,,, or the current
charging or discharging C;;

V,, is the voltage difference between central node 403
between the switches S, and S, and node 401 of FIG.
4;

i, is the current through S, and/or D,, or the current
charging or discharging C_,;

V,, is the voltage difference between node 402 and central
node 403 of FIG. 4;

i;, is the current through resonant inductor L,;

V,, is the voltage across resonant inductor L,;

i, 1s the current charging or discharging resonant capaci-

tor C,;

V, is the voltage across resonant capacitor C,.

The signs of the currents (positive vs negative) are deter-
mined with reference to the directions shown in FIG, 5B.

Referring to FIG. 5A, a first time interval is defined as
time interval (ty-t;). The first time interval starts when

10

15

20

25

30

35

40

45

50

55

60

65

10

switches S, and S, are turned on. Input current i,,, (shown in
FIG. 5A) stores energy in input inductor L,,, (shown in FIG.
4). The first interval ends when resonant current i, is
substantially zero, enabling diode D, to achieve zero-cur-
rent-switching (ZCS) turn-off.

FIG. 6 illustrates the current path during positive half-line
cycle operation for the first time interval of waveforms 500
of FIG. 5A.

Referring again to FIG. 5A, a second time interval is
defined as time interval (t;-t,). The second time interval
starts when D, stops conducting and there is substantially no
current in the resonant branch of the circuit shown in FIG.
4. In the second interval, inductor L,, stores energy similar
to a traditional boost operation. The second interval ends
when switches S, and 5, are turned off.

FIG. 7 illustrates the current path during positive half-line
cycle operation for the second time interval of the wave-
forms of FIG. 5A.

Referring again to FIG. 5A, a third time interval is defined
as time interval (t,-t;). In the third time interval, energy
stored in input inductor L, is transferred to a load. The third
interval ends when switches S; and S, are turned on, and
operation returns to the start of the first time interval. The
sequence of time intervals—from the first time interval to
the third time interval—repeats.

FIG. 8 illustrates the current path during positive half-line
cycle operation for the third time interval of the waveforms
of FIG. 5A.

In an example application of HRPWM converter 400, the
output power is 650 W, the AC input voltage is in the range
85V to 265V, the output voltage is 400V, and the switching
frequency is 70 kHz. In a preferred embodiment for the
example application, the resonant frequency is 65 kHz,
resonant capacitor C, is 1 puF and resonant inductor L., is 6
pnH.

HRPWM converter 400 has no diode bridge rectifier
(such as diode bridge rectifier 110 of FIG. 1) and conse-
quently has reduced heat management complexity relative to
single-stage boost converter 100 of FIG. 1 and other con-
verters comprising a diode bridge rectifier.

HRPWM converter 400 exhibits low CM noise, its start-
up in-rush current is low, and it has inherent lightning and
surge protection.

HRPWM converter 400 can operate with standard aver-
age current-mode control, and can operate in continuous
conduction mode (CCM).

The voltage stress across switches S, and S, is limited to
the sum of the output voltage (that is, the voltage across the
load, the load comprising resistance R, and capacitance C),
and the voltage across resonant capacitor C,.

FIG. 9 is a circuit diagram of an embodiment of a hybrid
resonant PWM (HRPWM) zero-voltage-switching ZVS AC-
DC converter 900. HRPWM ZVS converter 900 is bridge-
less and comprises switches S,, S, and S, and associated
diodes D;;, D,, and D,,, and body capacitors C,, C,, and
C,, respectively.

In implementation of HRPWM ZVS converter 900,
switches S,, S, and S, and associated diodes D;;, D, and
D,,, and body capacitors C,,, C,, and C,,, can be imple-
mented using MOSFETs and/or GaN devices. HRPWM
ZVS converter 900 can achieve ZVS turn-on for switches
S;, S, and S,,. Nodes 901, 902 and 903 correspond to nodes
401, 402 and 403 discussed above.

HRPWM ZVS converter 900 further comprises auxiliary
circuit element 910. In the illustrated example, auxiliary
circuit element 910 comprises capacitor C,, switch S, and
associated body capacitor C,, and body diode D,,. A node

sas
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904 is between capacitor C, and switch S,. Auxiliary circuit
element 910 is provided to avoid high voltage across the
PWM switches S, and S,. Auxiliary circuit element 910 can
have different configurations in other embodiments. For
example, in some embodiments any suitable snubber circuit
can be used as auxiliary circuit element 910.

HRPWM ZVS converter 900 further comprises diodes D,
through D, resonant capacitor C, and resonant inductor L,.

HRPWM ZVS converter 900 comprises a gating signal
V, for switches S, and S,. In some embodiments, gating
signal V_ is the same for both switches S, and S,. In other
embodiments, separate gating signals (not shown in FIG. 9)
can be provided for switches S, and S,.

FIG. 10A is a diagram illustrating waveforms 1000 in
continuous conduction mode (CCM) for HRPWM ZVS
AC-DC converter 900 of FIG. 9 during positive half-cycle
operation (e.g. when the AC line voltage is positive). During
negative half-cycle operation (e.g., when the AC line voltage
is negative), corresponding current and voltage waveforms
would be present, but with polarities reversed, and with the
waveforms i, and V, for switch S, corresponding to the
waveforms i, and V, for switch S, shown in FIG. 10A, and
vice versa. Current waveforms are shown with solid lines
and voltage waveforms are shown with dashed lines.

In the FIG. 10A example:

V. is the voltage applied to the gates of switches S, and

Sa;
V., is the voltage applied to the gate of switch S ;
i,,, is the current through L, ;
iy, is the current through S, and/or D,,, or the current
charging or discharging C_;

V,, is the voltage difference between central node 903
between the switches S, and 5, and node 901 of FIG.
9;

i, is the current through S, and/or D,, or the current
charging or discharging C.,;

V., is the voltage difference between node 902 of FIG. 9

and central node 903 between the switches S, and S,;

is the current through S, and/or D,,, or the current

charging or discharging C_;

V,, is the voltage difference between node 901 and node
904 of FIG. 9;

V, is the voltage across resonant capacitor C,.

The signs of the currents (positive vs negative) are
determined with reference to the directions shown in FIG.
5B and FIG. 10B. (The reference directions not shown in
FIG. 10B are the same as the corresponding reference
directions in FIG. 5B.)

Referring to FIG. 10A, a first time interval is defined as
time interval (ty-t;). The first time interval starts when body
capacitor C, of switch S, is fully discharged and body
capacitor C_, of switch S, is fully charged. The switch
current i ; of switch S, is clamped by body diode D, of
switch S, to enable the ZVS turn-on of switch S,. Gating
signal V initiates the ZV'S turn-on condition for both switch
S, and S,. The first time interval ends when 1i;,. goes to zero
and the circuit of FIG. 9 enters a hybrid resonant mode.

FIG. 11 illustrates the current path during positive half-
line cycle operation for the first time interval of waveforms
1000 of FIG. 10A.

Referring again to FIG. 10A, a second time interval is
defined as time interval (t;-t,). During the second time
interval, switch current i, is the sum of input current i,, and
the negative of the resonant current i,,. Input current i,
stores energy in input inductor L,,,. The second time interval

L sas
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ends when resonant current i,, returns to substantially zero,
which enables diode D, to turn off with zero-current-switch-
ing (ZCS).

FIG. 12 illustrates the current path during positive half-
line cycle operation for the second time interval of the
waveforms of FIG. 10A.

Referring again to FIG. 10A, a third time interval is
defined as time interval (t,-t;). The third time interval starts
when D, stops conducting and there is no current in the
resonant branch. In the third interval, input inductor L,
stores energy in a manner similar to traditional boost opera-
tion. The third time interval ends when switch S, is turned
off.

FIG. 13 illustrates the current path during positive half-
line cycle operation for the third time interval of the wave-
forms of FIG. 10A.

Referring again to FIG. 10A, a fourth time interval is
defined as time interval (t;-t,). At time t5, switch S, is turned
off. At time t,, switch S, is turned on. During a first part of
the fourth time interval, input current i,, charges body
capacitor C,; of switch S,, and discharges body capacitor
C,, of switch S,. During a second part of the fourth time
interval that follows the first part, switch current i, of switch
S, is clamped by body diode, D,, of switch S,.

FIG. 14 illustrates the current path during positive half-
line cycle operation for the first part of the fourth time
interval of the waveforms of FIG. 10A.

FIG. 15 illustrates the current path during positive half-
line cycle operation for the second part of the fourth time
interval of the waveforms of FIG. 10A.

Referring again to FIG. 10A, a fifth time interval is
defined as time interval (t,-ts). During the fifth time interval,
a gating signal V_, (not shown in FIG. 9) for switch S,
enables zero-voltage-switching (ZVS) turn-on of switch S,,.
The fifth time interval ends when i_, goes from negative to
positive (that is, when the current through switch S, changes
direction).

FIG. 16 illustrates the current path during positive half-
line cycle operation for the fifth time interval of the wave-
forms of FIG. 10A.

Referring again to FIG. 10A, a sixth time interval is
defined as time interval (t5-t,). The sixth time interval starts
when resonant current i, equals input current i,,,, and current
i, through switch S, starts flowing from its drain to source
(that is, when current i, through switch S, changes direc-
tion). The sixth time interval ends when switch S, is turned
off.

FIG. 17 illustrates the current path during positive half-
line cycle operation for the sixth time interval of the wave-
forms of FIG. 10A.

Referring again to FIG. 10A, a seventh time interval is
defined as time interval (ts-t;). During the seventh time
interval, input current i,, charges body capacitor C,, of
switch S, and discharges body capacitor C,; of switch S,.
Current i, through switch S, is clamped by body diode D,
of switch S, in the next time interval, which is the same as
the first time interval described above. The sequence of time
intervals—from the first time interval to the seventh time
interval—repeats. In other words, t, corresponds to t, and
the start of a new first time interval.

FIG. 18 illustrates the current path during positive half-
line cycle operation for the seventh time interval of the
waveforms of FIG. 10A.

To achieve ZVS for switch S, it must be turned on during
the first time interval, with some delay after t,. At t, body
capacitor C, is essentially fully discharged and S, is ready
to be turned on. Switch S, is turned on when gating signal
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V, goes high. If it is not turned on during the first time
interval, then body capacitor C,, of switch S, recharges. The
delay time between t, and the time that V,, goes high to turn
on switch S, is configured to allow sufficient time for current
to flow in diode D, whilst not allowing sufficient time for
capacitor C,; to recharge. In a preferred embodiment, the
delay time is approximately one quarter of the resonant
period formed by L, and C,.

Referring again to FIG. 10A, there is a delay td; (not
labeled in FIG. 10A) between V,, going low and V,, going
high. Similarly, there is a delay td, (not labeled in FIG. 10A)
between V,, going low and V_ going high. In one embodi-
ment, td, is greater than td,. In another embodiment, td, is
greater than td,.

The introduction of delays td, and td, enables ZVS for
switches S;, S, and S,,.

In addition, there must also be sufficient energy stored in
resonant inductor L., to completely discharge C,;.

ZVS for switch S, is achieved when PWM switches S,
and S, are turned off at time t,. At time t,, there must also
be sufficient energy stored in input inductor L,, to com-
pletely discharge switch capacitance C_,.

In an example application of HRPWM ZVS converter
900, the output power is 650 W, the AC input voltage is in
the range 85V to 265V, the output voltage is 400V, and the
switching frequency is 70 kHz. In a preferred embodiment
for the example application, resonant capacitor C, is 1 uF
and resonant inductor L, is 20 pH.

HRPWM ZVS converter 900 has no diode bridge rectifier
(such as diode bridge rectifier 110 of FIG. 1) and conse-
quently has reduced heat management complexity relative to
single-stage boost converter 100 of FIG. 1 and other con-
verters comprising a diode bridge rectifier.

For an example embodiment of HRPWM ZVS converter
900 with 70 kHz switching frequency, 120 V input and 650
W load, switching losses can be reduced by approximately
9 W and regular diode conduction losses can be reduced by
approximately 3 W, when compared to a conventional
AC-DC boost converter. Taking into account a performance
penalty for including components additional to those typi-
cally found in the conventional AC-DC boost converter, the
example embodiment of HRPWM ZVS converter 900 can
be configured to reduce net losses by approximately 5 W (or
15% of the losses) at full load.

At higher switching frequencies than 70 kHz, HRPWM
ZVS converter 900 can be configured to provide a higher
reduction in losses.

Since HRPWM ZVS converter 900 is configured so that
switches S|, S, and S, are turned on with ZVS, HRPWM
ZVS converter 900 exhibits reduced switching losses. In an
example embodiment, HRPWM ZVS converter 900 can
exhibit ZVS down to 650 W.

Resonant operation of HRPWM ZVS converter 900
reduces the reverse-recovery losses of body diodes D;, and
D,, of MOSFET switches S,, and S, respectively.

HRPWM ZVS converter 900 is configured so that its
start-up in-rush current is low, and it has inherent lightning
and surge protection.

Output diodes D, and D, are turned off with controlled
rate of change of current and exhibit reduced reverse-
recovery losses.

HRPWM ZVS converter 900 can operate with standard
average current-mode control, and can operate in continuous
conduction mode (CCM).

The voltage stress across switches S, and S, is close to the
output voltage.
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FIG. 19 is a circuit diagram of second embodiment of a
hybrid resonant PWM (HRPWM) zero-voltage-switching
(ZVS) AC-DC converter 1900. HRPWM ZVS converter
1900 is bridgeless and comprises switches S, and S,, and
associated diodes D, and D_,, and body capacitors C, and
C,, respectively.

HRPWM ZVS converter 1900 further comprises diodes
D, through D,, and resonant capacitor C, and resonant
inductor [,. HRPWM ZVS converter 1900 further com-
prises auxiliary circuit element 1910. Auxiliary circuit ele-
ment 1910 comprises capacitor C,, switch S, and associated
body capacitor C,, and body diode D,,.

HRPWM ZVS converter 1900 differs from HRPWM ZVS
converter 900 in the positioning of auxiliary circuit element
1910 (of FIG. 19) and 910 (of FIG. 9).

In one embodiment of HRPWM ZVS converter 1900,
switches S, S, and S, and associated diodes D,;, D_, and
D,,, and body capacitors C,,, C,, and C,,, can be imple-
mented using MOSFETs. HRPWM ZVS converter 1900 can
achieve ZVS turn-on for switches S,, S, and S,,.

The current waveforms and modes of operation of
HRPWM ZVS converter 1900 are similar to those of
HRPWM ZVS converter 900 of FIG. 9.

In an example application of HRPWM ZVS converter
1900, the output power is 650 W, the AC input voltage is in
the range 85V to 265V, the output voltage is 400V, and the
switching frequency is 70 kHz.

To limit the switch voltage stress (the sum of output
voltage V and resonant voltage V., across resonant capaci-
tor Cr), it can be desirable to select components that can
limit the resonant voltage V. In a preferred embodiment
for the example application, resonant capacitor C, is 1 uF
and resonant inductor L, is 20uH.

A benefit of HRPWM ZVS converter 1900 is that it
reduces the voltage across C,, allowing the use of a capacitor
with a lower voltage rating.

FIG. 20 is a circuit diagram of a first embodiment of an
isolated HRPWM AC-DC converter 2000.

Isolated HRPWM AC-DC converter 2000 can be con-
structed from HRPWM AC-DC converter 400 of FIG. 4 by
inserting an isolation transformer T,. In effect, resonant
capacitor Cr of FIG. 4 is replaced by two resonant capacitors
C,, and C,,, one on each side of isolation transformer T.

In the embodiment shown in FIG. 20, isolation trans-
former T, can operate substantially without storing DC
energy, and therefore can operate without a reset circuit.

FIG. 21 is a circuit diagram of a second embodiment of
an isolated HRPWM AC-DC converter 2100. Isolated
HRPWM AC-DC converter 2100 can be constructed from
HRPWM AC-DC converter 400 of FIG. 4 by inserting an
isolation transformer T.

Isolated HRPWM AC-DC converter 2100 comprises an
isolation transformer T, and a resonant capacitor C,; on the
primary side of transformer T,. Isolated HRPWM AC-DC
converter 2100 further comprises resonant capacitors C,,
and C,;, resonant inductor [,, and diodes D, and D, on the
secondary side of transformer Tj.

FIG. 22 is a circuit diagram of a third embodiment of an
isolated HRPWM AC-DC converter. Isolated HRPWM AC-
DC converter 2200 can be constructed from HRPWM
AC-DC converter 400 of FIG. 4 by inserting an isolation
transformer T .

Isolated HRPWM AC-DC converter 2200 comprises an
isolation transformer T and a resonant capacitor C,, on the
primary side of transformer T,. Isolated HRPWM AC-DC
converter 2200 further comprises a resonant capacitor C,,,
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resonant inductor [,, and diodes D, through D, on the
secondary side of transformer T,.

FIG. 23 is a circuit diagram of first embodiment of an
isolated HRPWM ZVS AC-DC converter 2300.

Isolated HRPWM ZVS AC-DC converter 2300 can be
constructed from HRPWM ZVS AC-DC converter 900 of
FIG. 9 by inserting an isolation transformer T.

Isolated HRPWM ZVS AC-DC converter 2300 comprises
an isolation transformer T and a resonant capacitor C,; and
resonant inductor L, on the primary side of transformer T,.
Isolated HRPWM ZVS AC-DC 2300 converter further com-
prises a resonant capacitor C,, and diodes D, and D, on the
secondary side of transformer T.

FIG. 24 is a circuit diagram of a second embodiment of
an isolated HRPWM ZVS AC-DC converter 2400. HRPWM
ZVS AC-DC converter 2400 is an isolated variant of
HRPWM ZVS AC-DC converter 900 of FIG. 9.

Isolated HRPWM ZVS AC-DC converter 2400 comprises
an isolation transformer T and a resonant capacitor C,; and
resonant inductor L, on the primary side of transformer T .
Isolated HRPWM ZVS AC-DC converter 2400 further com-
prises resonant capacitors C,, and C, 5, and diodes D, and D,
on the secondary side of transformer T.

FIG. 25 is a circuit diagram of a third embodiment of an
isolated HRPWM ZVS AC-DC converter 2500. HRPWM
ZVS AC-DC converter 2500 is an isolated variant of
HRPWM ZVS AC-DC converter 900 of FIG. 9.

Isolated HRPWM ZVS AC-DC converter 2500 comprises
an isolation transformer T and a resonant capacitor C,; and
resonant inductor L, on the primary side of transformer T,.
Isolated HRPWM ZVS AC-DC converter 2500 further com-
prises a resonant capacitor C,,, and diodes D, through D, on
the secondary side of transformer T.

FIG. 26 is a circuit diagram of a fourth embodiment of an
isolated HRPWM ZVS AC-DC converter 2600.

Isolated HRPWM AC-DC converter 2600 can be con-
structed from HRPWM AC-DC converter 1900 of FIG. 19
by inserting an isolation transformer T.

FIG. 27 is a circuit diagram of a fifth embodiment of an
isolated HRPWM ZVS AC-DC converter 2700. HRPWM
ZVS AC-DC converter 2700 is an isolated variant of
HRPWM AC-DC converter 1900 of FIG. 19.

FIG. 28 is a circuit diagram of a sixth embodiment of an
isolated HRPWM ZVS AC-DC converter 2800. HRPWM
ZVS AC-DC converter 2800 is an isolated variant of
HRPWM AC-DC converter 1900 of FIG. 19.

FIG. 29 is a block diagram illustrating a three-phase
configuration 2900.

Three-phase configuration 2900 comprises three
HRPWM AC-DC converters 2920A, 2920B and 2920C with
a three-phase supply line 2910 comprising phases 2910A,
2910B and 2910C.

Three-phase configuration 2900 further comprises a com-
mon load 2930 and a ground 2940. In three-phase configu-
ration 2900, three HRPWM AC-DC converters 2920A,
29208 and 2920C can be operated from three-phase supply
line. 2910 into common load 2930.

FIG. 30 is a block diagram illustrating a two-stage con-
figuration 3000.

Two-stage configuration 3000 comprises an HRPWM
AC-DC converter 3030 and a DC-DC converter 3040.
Two-stage configuration 3000 further comprises an input
supply voltage 3010 and a load 3050. Two-stage configu-
ration 3000 can optionally comprise filtering or protection
circuits 3020.
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HRPWM AC-DC converter 3030 can generate an inter-
mediate voltage for input to DC-DC converter 3040. DC-DC
converter 3040 can generate an output voltage suitable for
load 3050.

In some embodiments, HRPWM AC-DC converter 3030
can be isolated. In other embodiments, DC-DC converter
3040 can be isolated.

Input supply voltage 3010 can be obtained from an AC
mains grid or from an AC power generator.

While particular elements, embodiments and applications
of the present invention have been shown and described, it
will be understood, that the invention is not limited thereto
since modifications can be made by those skilled in the art
without departing from the scope of the present disclosure,
particularly in light of the foregoing teachings.

What is claimed is:

1. An AC-DC converter comprising:

a first AC voltage source input node connectable to a first

AC input line;

a second AC voltage source input node connectable to a
second AC input line;

an input inductor electrically coupled between the first AC
voltage source input node and a central node;

a first switch electrically coupled between the central
node and a first rail node, the first switch having a body
diode oriented to pass current from the first rail node to
the central node;

a second switch electrically coupled between the central
node and a second rail node, the second switch having
a body diode oriented to pass current from the central
node to the second rail node;

a first input device electrically coupled between the first
rail node and the second AC voltage source input node
and oriented to pass current from the first rail node to
the second AC voltage source input node, the first input
device selected from the group consisting of a diode
and a switch;

a second input device electrically coupled between the
second rail node and the second AC voltage source
input node and oriented to pass current from the second
AC voltage source input node to the second rail node,
the second input device selected from the group con-
sisting of a diode and a switch;

an output circuit electrically coupled between the second
rail node and the first rail node, the output circuit
comprising a resonant circuit electrically connectable
to a load; and

a controller communicatively coupled to provide control
signals to operate the first and the second switches at a
first switching frequency.

2. The AC-DC converter of claim 1, wherein the output
circuit comprises a resonant capacitor, a resonant inductor,
and a first output device, the resonant capacitor, the resonate
inductor and the first output device electrically coupled in
series with one another between the first and the second rail
nodes, the first output device selected from the group
consisting of a diode and a switch.

3. The AC-DC converter of claim 2 wherein the controller
operates the first and the second switches at the first switch-
ing frequency which is lower than a resonant frequency set
by the resonant inductor and the resonant capacitor.

4. The AC-DC converter of claim 2 wherein the output
circuit further comprises a second output device electrically
coupled to pass current from a node between the resonant
inductor and the resonant capacitor via the load to the first
rail node, the second output device selected from the group
consisting of a diode and a switch.
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5. The AC-DC converter of claim 2 wherein the output
circuit further comprises an auxiliary circuit electrically
coupled between the first rail node and the second rail node,
and a second output device electrically coupled to pass
current from a node between the resonant inductor and the
first output device via the load to the first rail node, the
second output device selected from the group consisting of
a diode and a switch.

6. The AC-DC converter of claim 5 wherein the auxiliary
circuit comprises an auxiliary capacitor and an auxiliary
switch electrically coupled in series with one another
between the first and the second rail nodes, the auxiliary
switch comprising a body diode oriented to pass current
from the second rail node to the first rail node.

7. The AC-DC converter of claim 6 wherein the controller
is further communicatively coupled to drive the auxiliary
switch to switch in response to a zero-crossing event of at
least one of a current or a voltage.

8. The AC-DC converter of claim 2 wherein the output
circuit further comprises an auxiliary circuit electrically
coupled between a node between the resonant capacitor and
the resonant inductor to the first rail node, and a second
output device electrically coupled to pass current from a
node between the resonant inductor and the first output
device via the load to the first rail node, the second output
device selected from the group consisting of a diode and a
switch.

9. The AC-DC converter of claim 8 wherein the auxiliary
circuit comprises an auxiliary capacitor and an auxiliary
switch electrically coupled between a node between the
resonant capacitor and the resonant inductor to the first rail
node, the auxiliary switch comprising a body diode oriented
to pass current from the node between the resonant capacitor
and the resonant inductor to the first rail node.

10. The AC-DC converter of claim 1 wherein the AC-DC
converter operates in continuous conduction mode wherein
current flows continuously in the input inductor.

11. The AC-DC converter of claim 1 wherein the con-
troller provides control signals to operate the switches in
either pulse width modulation mode or hybrid resonant
mode.

12. The AC-DC converter of claim 1 wherein the first and
the second switches are electrically coupled to receive a
common control signal from the controller.

13. The AC-DC converter of claim 1 further comprising
a common output for connecting across a common load,
wherein the first and the second AC voltage source input
nodes are electrically connected to the first AC line and the
second AC line of a first phase AC input of a three-phase AC
supply line.

14. The AC-DC converter of claim 1 wherein the output
circuit comprises:

a first resonant capacitor; and

an isolation transformer having a primary winding and a

secondary winding, the first resonant capacitor and the
primary winding of the isolation transformer electri-
cally coupled in series between the second rail node
and the first rail node.

15. The AC-DC converter of claim 14 wherein the output
circuit further comprises:

a second resonant capacitor;

a resonant inductor; and

a first output device selected from the group consisting of

a diode and a switch, the second resonant capacitor, the
resonant inductor and the first output device each
electrically coupled in series with one another across
the secondary winding of the isolation transformer.
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16. The AC-DC converter of claim 15 wherein the output
circuit further comprises a second output device electrically
coupled to pass current from a node between the resonant
capacitor and the resonant inductor via the load to the
secondary winding of the isolation transformer, the second
output device selected from the group consisting of a diode
and a switch.
17. The AC-DC converter of claim 14 wherein the output
circuit further comprises:
a second resonant capacitor;
a third resonant capacitor;
a resonant inductor;
a first output device selected from the group consisting of
a diode and a switch; and
a second output device selected from the group consisting
of a diode and a switch, the first output device and the
second resonant capacitor electrically coupled in series
with one another across the secondary winding of the
isolation transformer, the second output device, the
third resonant capacitor, and the resonant inductor
electrically coupled in series with one another across
the secondary winding of the isolation transformer,
electrically coupled in parallel with the first output
device and the second resonant capacitor.
18. The AC-DC converter of claim 14 wherein the output
circuit further comprises:
a second resonant capacitor;
a resonant inductor;
a first output device selected from the group consisting of
a diode and a switch;
a second output device selected from the group consisting
of a diode and a switch,
a third output device selected from the group consisting of
a diode and a switch; and
a fourth output device selected from the group consisting
of a diode and a switch, the second resonant capacitor,
the first output device and the third output device
electrically coupled in series with one another across
the secondary winding of the isolation transformer, the
resonant inductor, the second output device and the
fourth output device electrically coupled in series with
one another across the secondary winding of the iso-
lation transformer, electrically coupled in parallel with
the second resonant capacitor, the first output device
and the third output device.
19. The AC-DC converter of claim 14 wherein the output
circuit further comprises:
a resonant inductor electrically coupled in series with the
first resonant capacitor; and
an auxiliary circuit electrically coupled between the first
rail node and the second rail node, the auxiliary circuit
comprising an auxiliary capacitor and an auxiliary
switch, the auxiliary switch comprising a body diode
oriented to pass current from the second rail node to the
first rail node.
20. The AC-DC converter of claim 14 wherein the output
circuit further comprises:
a resonant inductor electrically coupled in series with the
first resonant capacitor; and
an auxiliary circuit electrically coupled to pass current
from a node between the first resonant capacitor and the
resonant inductor to the first rail node, the auxiliary
circuit comprising an auxiliary capacitor and an auxil-
iary switch, the auxiliary switch comprising a body
diode oriented to pass current from the second rail node
to the first rail node.
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21. A two-stage AC-DC converter comprising a first a second input device electrically coupled between the
AC-DC stage and a second DC-DC stage, the first AC-DC second rail node and the second AC voltage source
stage comprising: input node and oriented to pass current from the second
a first AC voltage source input node connectable to a first AC voltage source input node to the second rail node,
AC input line; 5

the second input device selected from the group con-

a second AC voltage source input node connectable to a sisting of a diode and a switch;

second AC input line;
an input inductor electrically coupled between the first AC a controller communicatively coupled to provide control

voltage source input node and a central node; signals to operate the first and the second switches at a
a first switch electrically coupled between the central first switching frequency; and

. . . 10 >

node and a first rail node, the first switch having a body

diode oriented to pass current from the first rail node to

the central node;

an output circuit electrically coupled between the second
rail node and the first rail node, the output circuit

a second switch electrically coupled between the central comprising a resonant circuit electrically connected to
node and a second rail node, the second switch having the second DC-DC stage, the second DC-DC stage
a body diode oriented to pass current from the central 13 electrically connectable to a load.
node to the second rail node; 22. The two-stage AC-DC converter of claim 21 wherein

afir st input device electrically coupled betwee.:n the first the first AC-DC stage has a first output DC voltage, and the
rail node and the second AC voltage source input node second DC-DC stage has a second output DC voltage, the

and oriented to pass current from the first rail node to first output DC voltage different from the second output DC
the second AC voltage source input node, the first input 20 voltage

device selected from the group consisting of a diode
and a switch; ® ok % % %



